
Preprint 
UCRL- JC-148794 

US. Department of Energy 

Laboratory 

Spectroscopic 
Characterization of Post- 
Cluster Argon Plasmas 
During the Blast Wave 
Expansion 

H.-K. Chung, K. B. Fournier, M. J. Edwards, H.A. Scoff, R. 
Caitolica, T. Difmire, R. W. Lee 

This article was submitted to 
Atomic Processes in Plasmas, Gatlinburg, TN, April 22-25, 2002 

May 30,2002 

Approved for public release; further dissemination unlimited 



DISCLAIMER 

This document was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor the University of California nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or 
represents that its use would not infringe privately owned rights. Reference herein to any specific 

' commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the United States 
Government or the University of California. The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or the University of California, and 
shall not be used for advertising or product endorsement purposes. 

This is a preprint of a paper intended for publication in a journal or proceedings. Since changes may be 
made before publication, this preprint is made available with the understanding that it will not be cited 
or reproduced without the permission of the author. 

This report has been reproduced directly from the best available copy. 

Available electronically at http: / /www.doc.Cov/b* 

Available for a processing fee to U.S. Department of Energy 
And its contractors in paper from 

U.S. Department of Energy 
Office of Scientific and Technical Information 

P.O. Box 62 
Oak Ridge, TN 37831-0062 
Telephone: (865) 576-8401 
Facsimile: (865) 576-5728 

E-mail: reports@donis .OStl.POV 
* 

Available for the sale to the public from 
U.S. Department of Commerce 

National Technical Information Service 
5285 Port Royal Road 
Springfield, VA 22161 

Telephone: (800) 553-6847 
Facsimile: (703) 605-6900 

Online ordering: fitttx / /www.ntis.mv/orderinp.htm 
E-mail: r 

OR 

Lawrence Livermore National Laboratory 
Technical Information Department's Digital Library 

http: / /www.llnl.gov/ tid/Library.html 

http://www.llnl.gov


Spectroscopic characterization of post-cluster 
argon plasmas during the blast wave expansion 

H.-K. Chung', K. B. Fournier*, M. J. Edwards*, H. A. Scott*, R. Cattolicat, 
T. Ditmire** and R. W. Lee* 

*Lawrence Livennore National Luboratory, Livennore CA 94550 
?University of California-San Diego, CA 92093 

"University of Texas. Austin TX 78731 

Abstract. In this work we present temperature diagnostics of an ex anding laser-produced argon 

into argon clusters. This generates a hot plasma filament that develops into a cylindrically expanding 
shock. We develop spectral diagnostics for the temperatures of the argon plasma in the shock region 
and the preionized region ahead of the shock. 

A collisional-radiative model is applied to explore line intensity ratios derived from Ar II - Ar IV 
spectra that are sensitive to temperatures in a few eV range. The results of hydrodynamic simulations 
are employed to derive a time dependent radiative transport calculation that generates the theoretical 
emission spectra from the expanding plasma. 

plasma. A short-pulse (35fs) laser with an intensity of Z = 10 17W/cm ! deposits - 100 mT of energy 

INTRODUCTION 

Laser interaction with gas clusters of atoms provides a unique opportunity for studies of 
high temperature plasmas. This is due to the high absorption efficiency of laser light, in 
the range of 50%-100% [l] and the efficient transfer of absorbed laser energy into the 
kinetic energies of ions as well as electrons [2]. The strong absorption of 10-100 fs laser 
light by clusters shows great promise in the development of soft X-ray sources [3] and 
in the production of fast ions and electrons [4]. Moreover, an interesting application of 
the cluster-laser interaction arises in the study of laser-driven blast waves in rare gases 
that have parameters relevant to the evolution of astrophysical shocks [5, 61. 

In the present laser-generated blast wave experiments, clusters are produced by dis- 
charging argon from a high-pressure gas jet with a backing pressure of lo00 psi and 
letting it expand adiabatically. A 35 fs laser pulse of 100 mJ is focused to irradiate a 
column 4mm 0 in length with a 25 pm radius, and leads to - 50% absorption, 
Le., - 12.5 d / m m  energy deposition. The cylindrical shock formed in the gas by laser 
absorption is observed from the radial and temporal distributions of electron densities . 
measured by interferometry [5,6]. The peak electron densities in the compressed region 
are found to decrease from - 1019 ~ r n - ~  at the time of shock formation, 6-7 ns after 
the laser shot, to lo1* cm-3 at the end of blast wave expansion, - 200 ns later. Elec- 
tron temperatures of the expanding plasmas also evolve spatially and temporally and are 
expected to decrease sharply from an initial value of 1 100 eV to N 2 eV as the shock 
dissipates. In the present work, temporal and spatial spectra from the expanding plas- 



mas are recorded in the ultraviolet spectral range between 230 nm - 360 nrn with 2 ns 
resolution. 

We develop temperature diagnostics of the argon plasma from the UV spectra. As 
the plasma evolves in space and time atoms and ions experience distinct phases with 
respect to kinetic processes: 1) during the shock compression level populations are 
predominatly governed by collisions and 2) during the preheating, ahead of the shock, 
radiative processes are also important. A collisional-radiative model is applied to explore 
line intensity ratios in the Ar II - Ar IV spectra that are sensitive to temperatures in a 
few eV range. We present theoretical predictions of population ratios as a function of 
temperature relevant to the blast-wave plasmas employing the results of hydrodynamic 
simulations. 

COLLISIONAL-RADIATIVE MODEL 

We use a collisional-radiative model (CRM) to develop an electron temperature diagnos- 
tic [7]. Time-dependent level population distributions are obtained by solving rate equa- 
tions incorporating collisional and radiative rates. The rate equations and radiative trans- 
port equation are solved self-consistently with the radiative transport code CRETIN [8]. 
For collisional processes, we include thermal electron excitation and de-excitation, ion- 
ization and three-body recombination processes, while for radiative processes we in- 
cluded spontaneous emission, as well as stimulated emission and absorption, photoion- 
ization, radiative recombination and dielectronic recombination processes. Since the 
plasma expands cylindrically, level population distributions are solved as a function of 
radius as well as time. As an input parameter, electron temperatures as a function of time 
and radius are taken from hydrodynamic simulations (HYADES) [9] and corresponding 
charge states and electron densities are computed from CRETIN’S population densities. 
We use data from an atomic model that was generated at the University of Wisconsin at 
Madison for ion beam transport experiments [ 10, 1 I]. 

TEMPERATURE DIAGNOSTICS OF’ EXPANDING ARGON 
PLASMAS 

Laser-produced argon plasmas during blast wave expansion experience distinct time his- 
tories of temperature and density. This is depicted in Figure 1 by plotting electron tem- 
perature and density as a function of radius at a given time obtained from a hydrodyan- 
mic simulation with HYADES [9 ] .  Before the cylindrical shock wave arrives, atoms are 
preionized by radiation emitted from the shock, this is the preionized region. Once com- 
pressed, the region is heated rapidly, this is the shock region. As the shock wave passes 
by, the ion mass density decreases rapidly and the temperature decreases slowly to form 
the cavity region. 

Robust temperature diagnostics using UV spectra can be developed by exploiting level 
population distributions as a function of temperature. We plot emission spectra from the 
expanding argon plasma at 6 ns and 20 ns in Figure 2. It shows that there are many Ar I1 
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FIGURE 1. 
shock, cavity phases at a given time, 10 ns after the pulse in this case 
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FIGURE 2. Emission flux calculations at 6 ns and 20 ns calculated at 500 p m  away from the center 

and Ar III lines present and potentially they can be used for temperature diagnostics. 
Emission spectra can be categorized based on relative temperatures of the radiating 
regions: hotter shock and post-shock regions and the colder preionized region. The level 
population distribution is dominated by collisional processes in the hot regions, where 
ion and electron densities are of the order of 1019 cm-3 and the electron temperature 
is 2 2 eV. On the other hand, in the cold preionized region, radiation from the existing 
hot region plays an important role in the charge state distribution and detailed level 
populations. Here we present T, diagnostics for these two different regions. 

Shock and post-shock region 

As temperatures are greater than 2 eV in the shock and post-shock regions, emission 
from Ar It to Ar IV lines is observed in the spectral range of 230 nm - 360 nm. In this 
case, the mean charge state moves to more than singly ionized and the electron density 
is sufficiently high for collision processes to be predominant. We find that Ar II and III 



FIGURE 3. 
3p45d 2D levels. 

Ratio of population densities as a function of temperature between Ar II 3p44p 2P and 

spectra from the shock and post-shock region arise predominantly from line radiation of 
transitions of 3p44p-3p43d, 3p44p3p44s, 3p44d-3p44p and 3p45d-3p45p levels. The 
energy spread of upper levels in strong transitions is 7.7 eV for Ar I1 and 8.1 eV for 
Ar III. Therefore, using Ar 11 and Ar 111 line intensities one can expect to have a good 
T, diagnostic up to T e  - 8 eV. An example of a population ratio of two upper levels is 
shown as a function of temperature in Figure 3. Combining several populations ratios 
with different energy spacings, one can have a robust Te diagnostic of plasmas in the 
shock and post-shock region. 

Preionized region 

A layer ahead of the shock front is photoionized by radiation from the hot inner 
region before the shock wave arrives. The average charge state in the preionized region 
closely follows that of the shock due to photoionization by radiation from the shock 
region even though the electron temperature is much lower. Emission from this region 
will be affected by non-local plasma conditions, that is, Te of the hot region. We tested 
time-dependent and steady-state models and found that the two results are in agreement 
after the first nanosecond. During the first nanosecond, the cold gas at the ambient 
temperature is being ionized and its level population is yet to evolve to steady-state. 

Since the strong photoexcitation dominates the level population distributions within 
the same spin system, relative population densities of levels with the same spin rep- 
resent non-local properties of radiation flux. Relative population distributions of those 
levels with different spins, however, represent collisional properties as each spin system 
couples to the thermal bath of local temperature. 

A sample of a population ratio of Ar II upper levels, one belonging to quartet system 
and the other to doublet system is shown as a function of temperature in Figure 4. 
In the figure, we plot time-dependent (symbols) and steady-state (lines) population 
density ratios from different radial positions in the plasma. The few below the dominant 
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FIGURE 4. Ratio of population densities in Ar TI 3p44d 4D and 3p44d 2D levels as a function temper- 
ature in comparison between time-dependent(symbo1s) and steady-state (lines) results. 

curve represent the ratios in the first nanosecond in the time-dependent case before 
level populations reach a steady-state. Since temperature information of the radiating 
hot region is readily available from line diagnostics discussed in the previous section, 
local Te diagnostics of preionized region will be also possible from steady-state results 
incorporating non-local radiative processes. 

SUMMARY AND FUTURE WORK 

We have shown that line intensity ratios can be used as a local temperature diagnostic 
for this expanding argon plasma. While collisional processes are dominant in shock 
and post-shock region, radiative processes play a critical role in preionized region. 
Accounting for the difference in dominant atomic processes, a collisional-radiative 
model can be applied for Te diagnotics of both regions. We will apply the developed 
T, diagnostics for analysis of measured argon spectra in the spectral range of 230 -360 
nm. 
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